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Composites of graphite foam inﬁltrated with a magnesium chloride phase-change material have been developed
as high-temperature thermal energy storage media for concentrated solar power applications. This storage
medium provides a high thermal energy storage density, a narrow operating temperature range, and excellent
heat transfer characteristics. In this study, experimental investigations were conducted on laboratory-scale
prototypes with magnesium chloride/graphite foam composite as the latent heat thermal energy storage system.
Prototypes were designed and built to monitor the melt front movement during the charging/discharging tests. A
test loop was built to ensure the charging/discharging of the prototypes at temperatures > 700 °C. Repeated
thermal cycling experiments were carried out on the fabricated prototypes, and the experimental temperature
proﬁles were compared to the predicted results from numerical simulations using COMSOL Multiphysics software. Experimental results were found to be in good agreement with the simulations to validate the thermal
models.

1. Introduction
Thermal energy storage (TES) systems have been developed for
applications in concentrated solar power (CSP) electric plants to provide load leveling for grid electricity supply, to improve the overall
plant eﬃciency, and to reduce the levelized cost of electricity (LCOE).
TES systems allow electricity generation during nighttime and cloudy
days, which is expected to reduce LCOE and help make CSP a competitive option to conventional technologies for electric power generation.
Two general approaches can be applied to thermal energy storage
systems, sensible heat storage and latent heat storage. Existing CSP
plants that have a storage option use the sensible heat thermal energy
storage systems (Burgaleta et al., 2011; Kuravi et al., 2013; Medrano
et al., 2010). Recently, latent heat thermal energy storage (LHTES)
systems have been attracting considerable interest because of their
advantages over sensible heat thermal energy storage systems. LHTES
systems have (a) a smaller storage system size resulting from the higher
storage density based on the latent heat of fusion of a phase-change
material (PCM) and (b) a narrower operation temperature range related
to the melting/solidiﬁcation temperature of the PCM which results in
the potential of high exergy eﬃciencies (Jegadheeswaran et al., 2010).
For an LHTES system, in addition to the melting/solidiﬁcation
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temperature and the latent heat of fusion of the PCM, the thermal
conductivity of the PCM plays a key role on its thermal performance
and, hence, its eﬃciency. Unfortunately, thermal conductivities of
PCMs for LHTES systems applicable to CSP plants are usually very low
(Zalba et al., 2003). Therefore, the heat transfer rate between the PCM
and the charging/discharging heat transfer ﬂuid (HTF) is quite low, and
consequently a signiﬁcantly large number of HTF tubes are required for
charging or discharging an LHTES system within a reasonable time
frame (e.g. 8–12 h for an LHTES system for a CSP plant). To improve
the heat transfer rate, focus has been on improving the thermal performances of both PCM and the HTFs. In this regard, some of the approaches have been: ﬁnned HTF tubes (Lacroix, 1993; Miliozzi et al.,
2015; Velraj et al., 1997) and heat pipes (Robak et al., 2011; Shabgard
et al., 2010) for reducing the thermal resistance between the PCM and
the HTF, dispersed high-thermal conductivity particles (Siegel, 1977)
and metal foam structures (Hong and Herling, 2006; Krishnan et al.,
2005; Siahpush et al., 2008; Zhao and Wu, 2011) or graphite foam (GF)
structures (Kim et al., 2014; Singh et al., 2016; Zhao et al., 2014) for
increasing the heat conduction inside the PCM, or a combination of
these techniques (Nithyanandam and Pitchumani, 2013).
Based on previous theoretical analyses and numerical simulations
by the authors (Kim et al., 2014; Zhao and Wu, 2011; Zhao et al., 2014),
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Nomenclature

B (T )
cp
dα / dT
k
L
t
T
V

eff
eﬀective
furnace furnace
graphite foam
GF
infiltrated GF inﬁltrated graphite foam
liquid
l
max
maximum
melting /solidification melting or solidiﬁcation
PCM
phase-change material
s
solid
x-y plane
xy
z
z direction

liquid fraction
mass speciﬁc heat capacity (J/kg K)
Gaussian function
thermal conductivity (W/m K)
latent heat of fusion (J/kg)
time (s)
temperature (K)
volume (m3)

Greek symbols
Acronyms

ρ
ϕ
φ
ω

density (kg/m3)
open porosity of the graphite foam (%)
inﬁltration rate (%)
mass percentage of the MgCl2 in the inﬁltrated graphite
foam (%)

CSP
GF
HTF
LCOE
LHTES
PCM
TC
TES

Subscripts

air
air
charging charging process
discharging discharging process

concentrated solar power
graphite foam
heat transfer ﬂuid
levelized cost of electricity
latent heat thermal energy storage
phase-change material
thermocouple
thermal energy storage

2.2. Inﬁltration of MgCl2

an LHTES system, using high thermal conductivity GF inﬁltrated with
MgCl2 as the storage medium, can signiﬁcantly improve the heat
transfer performance between the PCM and the HTF. This LHTES
medium reduces the number of HTF tubes required for the LHTES
system and increases the round trip exergy eﬃciencies of the LHTES
system when compared to a similar LHTES system without GF. In this
study, the LHTES medium was investigated further with the objectives
of (a) experimentally investigating charging and discharging behaviors
of the LHTES system with multiple prototype testing; (b) comparing
experimental data with numerical predictions to validate and, if necessary, reﬁne simulation models for predicting the thermal characteristics of such LHTES systems; and (c) determining the eﬀect of
thermal cycling and PCM redistribution on thermal performance.

For each laboratory-scale prototype, a vacuum and pressure-assisted
melting process was used to inﬁltrate MgCl2 into the GF within the
prototype container through the following steps. First, MgCl2 powder
and the container with the GF were placed in two chambers separated
by a valve. Second, the MgCl2 chamber was heated to > 800 °C under
an argon environment, and the GF chamber was evacuated and heated
up to 800 °C. Third, after the MgCl2 powder completely melted, the
valve separating the two chambers was opened to allow the melted
MgCl2 to inﬁltrate the GF with the system pressurized from the MgCl2
chamber side to ensure complete inﬁltration of the GF with MgCl2.
After the inﬁltration process, any excess MgCl2 was removed.
The inﬁltration rate or the amount of the MgCl2 in each prototype is
a key quantity for calculating the energy stored in, or released from, the
MgCl2/GF composite medium. This value was also important for comparing the experimental data from charging or discharging to the predicted results from numerical simulations and for evaluating the performance of the LHTES system based on experimental data. In this
study, the accurate determination of the MgCl2 amount was achieved
through carefully measuring the mass of the prototype container/GF
combination prior to and after the MgCl2 inﬁltration process to determine the inﬁltration rates.

2. Experimental
2.1. Prototype design
The main components of each prototype included a PCM/GF composite, a container cylinder, a top plate, a bottom plate, an HTF tube, a
vacuum port, thermocouples (TCs), and thermocouple connectors. As
shown schematically in Fig. 1, the container cylinder was made of Incoloy 800H with an outside diameter of 4.5 in. and a wall thickness of
0.34 in.; the top and bottom plates were made of Incoloy 800H as well;
the HTF tube was made of Incoloy 800H with an outside diameter of
0.5 in. and a wall thickness of 0.03 in.; and the vacuum port was made
of Incoloy 800H tubing with an outside diameter of 0.125 in. and a wall
thickness of 0.02 in. Incoloy 800H was used as the material for the main
components of the prototypes because of its resistance to oxidation at
high temperatures. The GF was brazed to the container cylinder, the
bottom plate, and the HTF tube by using a commercial brazing alloy to
eliminate any air gaps between the GF and the other components. The
heights of the container cylinder and the PCM/GF composite were 6 in.
and 5 in., respectively. In this study, MgCl2 was used as the PCM. There
was approximately 2.0 kg of the MgCl2/GF storage medium in each
prototype. However, the precise mass value of each prototype was used
for both simulations and experimental data analysis.

2.3. Experimental test facility
The experimental test facility (as shown in Fig. 2) used in this study
was an open loop system consisting mainly of an air-ﬂow pump, an air
heater, a furnace, and a ventilation hood. It was designed and fabricated to study the charging and discharging characteristics of laboratory-scale prototypes of LHTES systems at temperatures up to 1000 °C.
The air pump is controlled by a voltage regulator to provide a stable airﬂow rate in the experimental test loop. The capacity of the air pump is
in the range of 1.67 × 10−3–8.33 × 10−3 m3/s. The air heater is
equipped with temperature interlocks for protecting it from overheating. The laboratory-scale prototype was placed inside a furnace and
was connected to the experimental test loop.
During a typical experiment, prototype was held at a ﬁxed furnace
temperature and the charging/discharging was conducted by the
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Vacuum port
Welding

Top plate
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Fig. 2. Photograph of the experimental test facility for prototype testing.

Container cylinder

PCM/GF composite

process or discharging process. The high-temperature air ﬂowed
through the HTF tube at the center of the prototype to melt or solidify
the PCM for the charging process or the discharging process, respectively. The air then exited the prototype HTF tube into the ventilation
hood. During experiments, the air-ﬂow rate was monitored by a NISTtraceable ﬂow meter, which was installed at the outlet of the air pump.
Air temperatures were measured at several locations along the experimental test loop including the inlet and outlet of the air heater and the
inlet and outlet of the prototype. A data acquisition system was used to
record the following experimental parameters for further data reduction: air ﬂow rate, air pressure, air temperatures, and PCM temperatures at various locations inside the prototype as discussed in detail
below.
2.4. Test prototypes

HTF tube

In this study, charging and discharging experimental tests were
conducted on three laboratory-scale prototypes: Prototype 1, Prototype
2, and Prototype 3. Two types of GFs were used for these prototypes.
For Prototype 1 and Prototype 3, Kfoam® with an open porosity of
approximately 84% from Koppers, Inc., was used; and for Prototype 2,
Graftech foam with an open porosity of approximately 90% from
GrafTech International was used. Thermocouples were inserted into the
MgCl2/GF composite through holes pre-drilled in the MgCl2/GF composite to measure temperatures at various locations (radii and depths).
The details of thermocouple distributions are shown schematically in
Fig. 3. High-temperature type S thermocouples were used in these
prototypes because of their chemical resistance to the PCM (MgCl2). To
determine their measurement accuracies and oﬀsets at elevated temperatures, the thermocouples were carefully calibrated against a standard NIST-traceable type K thermocouple at temperatures around
760–770 °C before they were installed into the prototypes. The calibration corrections were incorporated in experimental data reduction
and subsequent analyses.

Bottom plate

2.5. Experimental test procedure
The experimental testing of a prototype involved four major steps:
prototype placement into the experimental test loop, moisture removal
from the prototype, prototype charging testing, and prototype discharging testing.As shown schematically in Fig. 4, the prototype was
connected to the experimental test loop, through the Swagelok® connectors at both ends of the HTF tube of the test prototype, at the inlet
port from the heater and the air pump and at the outlet port to the vent.
The vacuum port was connected to the vacuum pump and a compressed
argon cylinder for removing moisture and for controlling MgCl2/GF
composite environment. Thermocouple wires were connected to the
data acquisition system. In addition, the prototype was thermally

Fig. 1. Overall view of laboratory-scale LHTES prototype.

ﬂowing air maintained at appropriate temperatures. The HTF (air) was
pumped at a speciﬁc ﬂow rate into the air heater in which it was heated
from room temperature to a desired higher temperature for charging
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Fig. 3. Distribution of thermocouples in the MgCl2/GF composite.

insulated with a 2-in. high-temperature ceramic ﬁber blanket wrapped
around its container. The HTF tube, extending outside the prototype,
was also insulated to minimize heat loss or gain from the tube during
charging or discharging process. Two thermocouples were installed at
the outside surface of the prototype cylinder and the outside surface of
insulation for calibrating prototype heat loss to the furnace during
charging and prototype heat gain from the furnace during discharging.
Prior to charging/discharging experiments for each prototype, any
moisture absorbed in MgCl2 PCM was removed by heating and evacuation. First, the prototype was evacuated down to approximately
2 psi at room temperature by using the vacuum pump. The pressure was

monitored during a 24-h period to ensure vacuum-tight sealing of all
prototype components and connections. Second, the prototype was
heated to 400 °C and held at that temperature for 24 h. During this time
period, the prototype was evacuated as frequently as necessary, especially for the prototype temperature above 250 °C to maintain the
pressure 2–5 psi. Third, the prototype was heated to 600 °C and held at
that temperature for 24 h. The prototype pressure increased again when
its temperature was above 500 °C. The prototype was again evacuated
as frequently as necessary until there was no appreciable increase in
pressure. Finally, the prototype was cooled down to room temperature.
After the moisture removal process, prototype was back ﬁlled with
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Fig. 4. Prototype connection in the experimental test loop (not to scale).

Tfurnace1

Tmelting/solidification

Tcharging

Tair1

Tair2

Tfurnace2

Tmelting/solidification

Tdischarging
o

o

2 C/min

2 C/min

Furnace temperature
Room temperature

Air temperature
>12 h

~2 h

Start of charging

>3 h

Room temperature

Start of discharging

End of discharging

~2 h

>8 h
End of charging

Fig. 5. Furnace and heater temperature settings for charging/discharging tests.
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where L is the latent heat of fusion, cp is the speciﬁc heat, ρ is the
density, ω is the mass percentage of the MgCl2 in the inﬁltrated GF.
Thermophysical properties of the MgCl2 and the GF are based on the
literature values from the authors and other researchers (Singh et al.,
2016, 2015; Poling et al., 2008; Janz et al., 1979). The thermal properties illustrated in Table 1 were used in the numerical simulations.

argon gas to create an argon environment within the prototype.
As shown in Fig. 5, charging and discharging were generally conducted in one test cycle. First, the furnace was preheated to a temperature Tfurnace1 (lower than the MgCl2 melting/solidiﬁcation temperature Tmelting / solidification ) and was kept at that temperature long enough
to allow a temperature equilibrium of the prototype inside the furnace.
Second, the air pump was started and air was heated to an air inlet
temperature Tair1 (lower than Tmelting / solidification ) of the prototype. The test
system was kept at that condition for approximately 2 h for the prototype to reach an equilibrium state. Third, the charging process was
started by increasing the heater controller setting to achieve an air inlet
temperature Tcharging of the prototype. Fourth, after the charging process,
the furnace temperature was increased to Tfurnace2 (higher than
Tmelting / solidification ), and the heater temperature was reduced to an air inlet
temperature Tair2 (higher than Tmelting / solidification ) of the prototype. The
test system was kept at that condition for approximately 2 h for the
prototype to reach an equilibrium state. Fifth, the discharging process
was started by decreasing the heater controller setting to give an air
inlet temperature Tdischarging of the prototype. Finally, after the discharging process, the prototype was cooled down to room temperature.

3.2. Heat transfer simulations
Because of the small pore size and the high thermal conductivity of
the GF, the heat was expected to exchange very fast between the MgCl2
and the GF, leading to the MgCl2 and the GF in a local thermal equilibrium (Wu and Xing, 2010). The MgCl2 and graphite can be considered to have the same temperature at the interface (Guo et al., 2015;
Ohsenbrügge et al., 2016; Wu and Xing, 2010). Therefore, the equilibrium thermal model was applied to simulate the heat transfer process
of the MgCl2/GF composite as follows:

ρinfiltrated GF cp eff

∂T
= ∇ ·(k∇T )
∂t

In the above equation, T is the temperature, t is the time, and k is the
thermal conductivity of the MgCl2/GF composite.
The equivalent heat capacity method was applied to the phasechange simulations (Faghri et al., 2010; Zhao et al., 2014). The speciﬁc
heat cp eff of the storage medium (the MgCl2/GF composite) is represented in the following equation (Samara et al., 2012; Singh et al.,
2015; Zhao et al., 2014):

3. Numerical simulations
Numerical simulations using COMSOL Multiphysics commercial
software were conducted for the prototypes to investigate the heat
transfer performance of the MgCl2/GF composite. Simulation results
were compared with the experimental measurements data to validate
the simulation model as well as the thermal properties of the MgCl2/GF
composite used in the simulations.

cp eff = cp infiltrated GF ,s + (cp infiltrated GF ,l−cp infiltrated GF ,s ) B (T )
+ Linfiltrated GF

3.1. Modeling geometry

VPCM
ϕGF VGF

dα
dT

(1)

where V is the volume and ϕ is the open porosity. According to the
weight measurements of each prototype before and after the inﬁltration
process, the total mass of the MgCl2 inﬁltrated into the GF was obtained
for each prototype, and the inﬁltration rate was calculated based on the
above equation. Based on the inﬁltration rate, the thermal properties of
the inﬁltrated GF were calculated. Table 1 summarizes the properties of
each prototype in the simulations.
The thermal conductivities of the inﬁltrated GFs in Table 1 were
measured by the Xenon-Flash Diﬀusivity Analyzer (Singh et al., 2016).
The latent heat of fusion, speciﬁc heat, and density of the inﬁltrated GFs
in Table 1 were calculated based on the inﬁltration rate for each prototype by the following equations, respectively (Singh et al., 2015):

Linfiltrated GF = LPCM ω

(2)

cp infiltrated GF = cp PCM ω + cp GF (1−ω)

(3)

ρinfiltrated GF = ρPCM φϕGF + ρGF (1−ϕGF )

(4)

(6)

where B (T ) is the liquid fraction (Samara et al., 2012; Singh et al.,
2015; Zhao et al., 2014), da/ dT is the Gaussian function (Samara et al.,
2012; Singh et al., 2015; Zhao et al., 2014), and the subscripts l and s
indicate the liquid-state storage medium and the solid-state storage
medium, respectively. The above equation enables integrating the latent heat of fusion into the heat capacity for the phase-change process
simulations.

Three-dimensional modeling was used in this study to include the
anisotropic nature of the graphite foam thermal conductivity. The
three-dimensional computational model simulating the prototype geometry (shown in Fig. 6) was based on the experimental test system
described above. The HTF (air) was ﬂowing in the center tube to
transport thermal energy to the storage medium, prototype container,
and insulation material outside the container. The boundary condition
outside the insulation was considered as the combined convection and
radiation heat transfer to the furnace environment. For the thermal
energy storage medium MgCl2/GF composite, the MgCl2 was inﬁltrated
into the GF for each prototype and its inﬁltration rate φ (the ratio of the
inﬁltrated MgCl2 volume to the total porosity volume) was calculated
based on the following equation (Singh et al., 2016):

φ=

(5)

Fig. 6. Modeling geometry of the prototype system in numerical simulations.
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Table 1
Properties of the MgCl2/GF composite (Singh et al., 2016; Singh et al., 2015; Janz et al., 1979).

GF open porosity (volume %)
Inﬁltrated rate of liquid MgCl2 (φl)
Inﬁltrated rate of solid MgCl2 (φs)
Mass percentage of MgCl2 for the inﬁltrated GF (%)
MgCl2 melting point (°C) (DSC measurement)
MgCl2 solidiﬁcation point (°C) (DSC measurement)
Melting/solidiﬁcation rangea (°C)
Latent heat of fusion (kJ/kg)
Density (kg/m3)
Speciﬁc heat (J/kg K) (at 700 °C)
Thermal conductivity (W/mK) (kxy at 700 °C)
Thermal conductivity (W/mK) (kz at 700 °C)
a

Prototype 1

Prototype 2

Prototype 3

84
1.19
0.86
82.4
718
706
8
373.9 (Singh et al., 2015)
2050 (Singh et al., 2015; Janz et al.,
1979)
1074 (Singh et al., 2015; Janz et al.,
1979)
14.0 (Singh et al., 2016)
23.6 (Singh et al., 2016)

90
1.20
0.87
88.9
718
706
8
403.6 (Singh et al., 2015)
2035 (Singh et al., 2015; Janz et al.,
1979)
1018 (Singh et al., 2015; Janz et al.,
1979)
9.3 (Singh et al., 2016)
21.4 (Singh et al., 2016)

84
1.26
0.91
83.1
718
706
8
377.3 (Singh et al., 2015)
2137 (Singh et al., 2015; Janz et al.,
1979)
1068 (Singh et al., 2015; Janz et al.,
1979)
14.0 (Singh et al., 2016)
23.6 (Singh et al., 2016)

The temperature range between the start and the end of melting/solidiﬁcation for the prototype.

prototypes during charging/discharging tests. The high temperatures
and the GF caused problems with grounding and/or shorting. The results reported below are from the thermocouples with showed stable
readings during the entire charging/discharging tests.

The initial temperatures in the simulations before each charging/
discharging process were based on the thermocouple temperature recordings in the prototypes. The initial temperatures of the prototypes
were approximately 690 °C for the charging process and 750 °C for the
discharging process. The room-temperature air-ﬂow velocities in the
HTF
tube
were
2.92 × 10−3–3.08 × 10−3 m3/s
and
−3
−3
3
3.17 × 10 –3.33 × 10 m /s for the charging process and the discharging process, respectively. The slightly higher air-ﬂow velocity
during the discharging process was due to the decrease of the air
viscosity at lower temperatures. The actual furnace temperatures were
kept at 700 °C for the charging process (lower than the melting point of
MgCl2) and 750 °C for the discharging process (higher than the solidiﬁcation point of MgCl2) to ensure that the melting/solidiﬁcation process was driven by the HTF air from the center tube in the prototype
only. The heat loss/heat gain from the prototype during the thermal
cycling was calculated according to the actual furnace temperature
(recorded by the thermocouple placed at the outer surface of the prototype insulation material in the furnace) and the convection and radiation heat transfer coeﬃcients in the furnace around the prototype.
Because the air in the furnace is almost stationary with very low natural
convection, the major heat loss/heat grain to/from the furnace was
caused by radiative heat transfer.
Fig. 7 shows the mesh structure for the MgCl2/GF prototype system
in the simulations. Fig. 7a is the mesh structure for the outside insulation material and Fig. 7b is the ﬁner mesh structure for the inside
prototype. The model consists of 385,981 domain elements, 32,842
boundary elements, and 4127 edge elements. Based on a mesh independence study, these mesh elements are suﬃcient in the three-dimensional numerical simulations for the prototype heat transfer processes.

4.2. Typical temperature curves
For illustrative purposes, typical temperatures (by TC4 of Prototype
3 in Test 4) in the prototype measured as functions of the time for the
charging and the discharging processes are shown in Fig. 8a and b,
respectively. For the charging process, the MgCl2 changed from the
solid state to the liquid state through three thermal energy storage
stages. First, the solid MgCl2/GF was heated and its temperature increased as a result of sensible heat energy storage. Second, when the
MgCl2 temperature was high enough, the solid MgCl2 started melting
and latent heat energy storage occurred. Third, when the melting process completed, the liquid MgCl2 and GF was heated and its temperature increased again as a result of sensible heat energy storage. For the

4. Results and Discussions
4.1. Experimental test conditions
Charging and discharging tests were conducted for Prototype 1,
Prototype 2, and Prototype 3. For each prototype, the charging process
and the discharging process were carried out in one test cycle and repeat test cycles were performed. The detailed furnace and heater temperature settings for charging/discharging tests are listed in Table 2.
During each charging process or discharging process, the air-ﬂow rate
was not adjusted; however, small ﬂuctuations existed due to air temperature changes. All readings from various sensors including the
thermocouples, the air ﬂow meter, and the air pressure transducer were
automatically logged into the data acquisition computer in a predetermined time interval of 6 s.
There were some issues with the thermocouple readings of the

Fig. 7. Mesh structure in numerical simulations.
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850

Table 2
Temperature settings for charging/discharging tests.

(a) Charging

Prototype 1

Prototype 2

Prototype 3

Test 1

Tfurnace1
Tair1
Tcharging
Tfurnace2
Tair2
Tdischarging

695 °C
715 °C
800 °C
735 °C
750 °C
500 °C

685 °C
710 °C
800 °C
735 °C
750 °C
500 °C

680 °C
710 °C
800 °C
735 °C
750 °C
500 °C

Test 2

Tfurnace1
Tair1
Tcharging
Tfurnace2
Tair2
Tdischarging

695 °C
715 °C
800 °C
735 °C
750 °C
500 °C

685 °C
710 °C
800 °C
735 °C
750 °C
500 °C

680 °C
710 °C
800 °C
735 °C
750 °C
500 °C

Test 3

Tfurnace1
Tair1
Tcharging
Tfurnace2
Tair2
Tdischarging

685 °C
715 °C
800 °C
735 °C
750 °C
500 °C

685 °C
710 °C
800 °C

680 °C
710 °C
800 °C
735 °C
750 °C
500 °C

Air inlet temperature
800
o

Temperature

Temperature ( C)

Test

750

PCM temperature

700
Solid
650

discharging process, the MgCl2 changed from the liquid state to the
solid state through three thermal energy release stages. First, the liquid
MgCl2/GF was cooled and its temperature decreased as a result of
sensible heat energy release. Second, when the MgCl2 temperature was
low enough, the liquid MgCl2 started solidiﬁcation and latent heat
energy release occurred. Third, when the solidiﬁcation process completed, the solid MgCl2/GF was cooled and its temperature decreased
again as a result of sensible heat energy release. It can be seen from
Fig. 8 that both melting and solidiﬁcation processes happened in a quite
narrow temperature range. All of these stages reﬂect typical behaviors
of PCMs.

0

Melting

2

4
Charging time (h)

Liquid

6

8

800
(b) Discharging
PCM temperature

o

Temperature ( C)

700

4.3. Temperature repeatability
It was expected that a redistribution of MgCl2 in the MgCl2/GF
composite would occur after an initial charging/discharging process.
This redistribution might aﬀect the thermal performance of the LHTES
system. To quantitatively assess this eﬀect, multiple charging/discharging cycles were carried out for each test prototype and temperatures
mesured by the same thermocouple were compared for those charging/
discharging cycles. As an example, Fig. 9 shows temperatures measured
for all charging/discharging cycles by TC1 in Prototype 1, Prototype 2,
and Prototype 3, respectively. It can be seen from Fig. 9 that, while
there are some diﬀerences in the temperature measurements, all charging temperature curves and discharging temperature curves follow
very similar trends. Moreover, the temperature measurement diﬀerences are generally small. Comparisons for temperatures measured by
other thermocouples are similar (within 2%) for the three prototypes
tested. For relative comparison, also shown in Fig. 9 are the temperature proﬁles ± 3% from the average results of all the tests. It should be
pointed out that test conditions such as the air ﬂow rate and the initial
prototype temperature for each charging/discharging cycle were close,
but not exactly the same. It can be concluded from these results that (a)
the MgCl2 redistribution is minimal and its eﬀect on heat transfer of the
LHTES system is insigniﬁcant and (b) the thermal performance of the
LHTES system is repeatable with regard to charging/discharging cycles.
As mentioned previously, for the purpose of investigating the GF
type eﬀect on the thermal performance of the LHTES system, the GF
used in Prototype 2 was diﬀerent from those used in Prototypes 1 and 3.
Fig. 10 shows a comparison of temperatures as averages of measurements by TC1 in Prototypes 2 and 3 for all charging/discharging cycles.
It can be seen from Fig. 10 that, despite some diﬀerent test conditions
such as the furnace temperature settings for the charging process
(685 °C for Prototype 2 and 680 °C for Prototype 3), the average

600
Air inlet temperature
500
Liquid
400

0

Solidification

Solid

1
2
Discharging time (h)

3

Fig. 8. Typical charging and discharging temperatures as functions of the time.

temperatures for both the charging process and the discharging process
are quite similar for Prototypes 2 and 3. Therefore, the GF type is not
critical as long as it has a high enough thermal conductivity for eﬀectively conducting heat from the HTF to the MgCl2/GF composite during
the charging process and from the MgCl2/GF composite to the HTF
during the discharging process.
4.4. Comparison of experimental data and simulation results
For each charging/discharging test of all prototypes, numerical simulations were conducted according to the test conditions, and a
comparison between the experimental data and the simulation results
was performed. Figs. 11–13 display the comparison of the temperature
proﬁles in Prototype 1, Prototype 2, and Prototype 3 between the experimental data and the simulation results during the ﬁrst charging/
discharging thermal cycle, respectively. Due to the high thermal conductivity of MgCl2/GF composite, the heat transport was fast inside the
prototype. Therefore, the temperature proﬁles did not show signiﬁcant
diﬀerence at various locations in the prototypes (as shown in
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Fig. 11. Temperature comparison of experimental data and simulation results for
Prototype 1 during (a) charging and (b) discharging.

Fig. 10. Temperature comparisons of Prototypes 2 and 3 during charging and discharging.

simulation result is faster/slower than the experimental observation.
Tables 3 and 4 illustrate the detailed diﬀerence between the measurement data and the simulation results for Prototype 1 during multiple charging and discharging processes, repectively. Based on the
comparison between the experimental data and the numerical simulation results for three thermocouple locations of TC1, TC2, and TC3 in
Prototype 1, the temperature measurement data match the simulation
results well for multiple thermal cycles with a diﬀerence less than 2%.
For the three charging process tests, the time diﬀerences at 730 °C (the
temperature at which the melting process completes) between the experiments and the simulations are within 10% for all three thermocouple locations, as illustrated in Table 3. For the three discharging
process tests, most of the time diﬀerences at 700 °C (the temperature at
which the solidiﬁcation process completes) between the experiments
and the simulations are within 15% for the three thermocouple locations, as illustrated in Table 4.
Prototype 2 with a diﬀerent type of GF from Prototype 1 was tested
under the same conditions to further verify the simulation model and
thermal properties of the MgCl2/GF composite. Tables 5 and 6 illustrate

Figs. 11–13). Three of the four thermocouples inserted in Prototype 1,
as shown in Fig. 3, functioned properly during cycle testing. The temperatures at the corresponding thermocouple locations of TC1 and TC3
obtained from the numerical simulations were exported for comparing
with the measurement data. As shown in Fig. 11, the simulation results
match with the experimental data quite well. The total charging time
for Prototype 1 was approximately 7 h (from the initial temperature of
700 °C to 750 °C) while the total discharging time was approximately
3 h (from 750 °C to 670 °C). Very similar results were obtained for other
tests and other prototypes, shown in Figs. 12 and 13 for Prototype 2 and
Prototype 3, respectively. For Prototype 2 shown in Fig. 12, the simulations showed diﬀerent temperature trends for the two thermocouple
locations (TC1 and TC6), while the experiments showed very similar
temperature trends for them. The exact reason is not clear at this point.
However, this observation did not occur for Prototypes 1 and 3. The
quantitative time comparisons between the experimental data and the
simulation results for Prototype 1, Prototype 2, and Prototype 3 are
listed in Tables 3–8. The positive/negative number implies that the
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Fig. 12. Temperature comparison of experimental data and simulation results for
Prototype 2 during (a) charging and (b) discharging.

Fig. 13. Temperature comparison of experimental data and simulation results for
Prototype 3 during (a) charging and (b) discharging.

the diﬀerence between the measurement data and the simulation results for Prototype 2 during the charging and discharging processes,
respectively. The comparisons are for the thermocouple locations of
TC1, TC2, TC5, and TC6 shown in Fig. 3. The temperature measurements from these thermocouples match the simulation results very well
for both charging and discharging processes with the diﬀerences less
than 2.5%. For the charging process, the time diﬀerences between the
measurements and the simulations to reach 730 °C are within 15%. For
the discharging process, most of the time diﬀerences to reach a speciﬁc
temperature are also within 15% for Prototype 2, as illustrated in
Tables 5 and 6. Only two points for TC1 have the time diﬀerences beyond the 15% during the discharging process. It is because the total
charging time was approximately 8 h while the total discharging time
was shorter, only around 3 h. Therefore, the percentage of time differences at a certain temperature was bigger for the discharging process
than for the charging process. However, the absolute values of the time
diﬀerences between the experimental data and the simulation results
from the discharging processes were similar as those from the charging
processes, as shown in Tables 3–8.

Table 3
Comparison for Prototype 1 during charging processes.
Test 1

Maximum temperature
diﬀerence ΔTmax (°C)
Percentage ΔTmax based on the
melting point of MgCl2 (%)
Time diﬀerence at 730 °C Δt730
(h)
Percentage Δt730 based on the
total charging time (%)

Test 2

Test 3

TC1

TC2

TC3

TC1

TC2

TC1

TC2

7.0

4.0

5.0

6.5

12.0

8.0

6.0

1.0

0.6

0.7

0.9

1.7

1.1

0.8

−0.5

0.1

−0.1

0.2

0.6

−0.5

0.3

7.1

1.4

1.4

2.9

8.6

6.2

3.8

Prototype 3 used the same type of GF as Prototype 1. The measurement results were illustrated in Tables 7 and 8. The experimental
procedure for Prototype 3 was similar to that for the Prototypes 1 and 2.
The comparisons were for the thermocouple locations of TC1, TC4, and
TC6 as shown in Fig. 3. The temperature measurements from these
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between the experimental data and the simulation results during the
phase-change processes is because estimation of the latent heat of fusion is sensitive to the temperature, and a small temperature diﬀerence
can cause a signiﬁcant thermal energy storage diﬀerence between the
experiment and the simulation. This is conﬁrmed by the good agreement between the experiment and the simulation observed in the postphase-change regions.
The comparisons between the experimental data and the numerical
simulation results for diﬀerent types of GFs (Prototype 1, Prototype 2,
and Prototype 3) veriﬁes the phase-change simulation model and the
thermal properties of the MgCl2/GF composite. The simulation results
matched the experimental data quite well for both types of GFs with
temperature diﬀerences less than 4%. In addition, most of the time
diﬀerences, at a certain temperature, were less than 15%. Therefore,
the thermal properties of the MgCl2/GF composite and the phasechange simulation model can now be applied with conﬁdence to the
prediction of the full-scale LHTES system performance and to the design
and optimization of large-scale thermal energy storage systems in CSP
plants.

Table 4
Comparison for Prototype 1 during discharging processes.
Test 1

Maximum temperature
diﬀerence ΔTmax (°C)
Percentage ΔTmax based on
the solidiﬁcation point of
MgCl2 (%)
Time diﬀerence at 700 °C
Δt700 (h)
Percentage Δt700 based on the
total discharging time
(%)

Test 2

Test 3

TC1

TC2

TC3

TC1

TC2

TC1

TC2

12.0

10.0

9.0

10.0

10.0

10.0

5.0

1.7

1.4

1.3

1.4

1.4

1.4

0.7

−0.5

−0.4

−0.2

−0.4

0.3

−0.5

0.2

16.7

13.3

6.7

13.3

10.0

15.3

8.0

Table 5
Comparison for Prototype 2 during charging processes.
Test 1

Maximum temperature diﬀerence
ΔTmax (°C)
Percentage ΔTmax based on the
melting point of MgCl2 (%)
Time diﬀerence at 730 °C Δt730 (h)
Percentage Δt730 based on the total
charging time (%)

Test 2

TC1

TC2

TC5

TC6

TC1

TC2

TC5

4.0

8.0

8.0

11.0

6.0

7.0

10.0

0.6

1.1

1.1

1.5

0.8

1.0

1.4

0.4
5.0

0.9
11.2

0.9
11.2

0.6
7.5

0.4
5.0

0.5
6.2

0.8
10.0

5. Conclusions
In this study, a series of tests was conducted on high-temperature
laboratory-scale thermal energy storage prototypes with an MgCl2/GF
composite as the thermal energy storage medium. The temperature
proﬁles for the charging processes and the discharging processes were
generated and compared with the results from numerical simulations
using COMSOL Multiphysics commercial software. The following conclusions can be drawn from the experimental data and analyses. First,
while the heat transfer characteristics of the MgCl2/GF composite are
signiﬁcantly improved by the addition of the GF, its thermal energy
changes during sensible heat-latent heat-sensible heat energy storage
and release for the charging and discharging processes follow the typical behavior of the MgCl2 PCM. Second, the temperature proﬁles as
function of time at various locations within each prototype for repeated
charging/discharging processes are quite similar, and are within ± 3%
of their average value, indicating minimal changes within the storage
system. Third, prototypes with GFs of diﬀerent porosities do not show
any signiﬁcant diﬀerences in their thermal performance during charging/discharging processes, which is the consequence of the high GF
thermal conductivity as the dominant eﬀect. Fourth, the numerical simulation results match experimental data well for all the prototypes
with temperature diﬀerences of less than 4% and most of the time
diﬀerences, at a certain temperature, of less than 15%. These results
verify the thermal properties of the MgCl2/GF composite, the phasechange simulation model, and their viable use for the prediction of fullscale LHTES system performance for CSP plants.

Table 6
Comparison for Prototype 2 during discharging processes.
Test 1

Maximum temperature diﬀerence
ΔTmax (°C)
Percentage ΔTmax based on the
solidiﬁcation point of MgCl2
(%)
Time diﬀerence at 700 °C Δt700 (h)
Percentage Δt700 based on the total
discharging time (%)

Test 2

TC1

TC2

TC5

TC6

TC1

TC2

TC5

17.0

12.0

8.0

15.0

17.0

15.0

10.0

2.4

1.7

1.1

2.1

2.4

2.1

1.4

1.0
33.3

0.3
10.0

0.0
0.0

0.4
13.3

1.0
33.3

0.3
10.0

0.1
3.3

three thermocouples matched the simulation results with the diﬀerences less than 4%.
In addition, Fig. 14 compared the volumetric thermal energy storage of the Prototype 1 as a function of time during charging and discharging experiments. The initial temperatures of the charging process
and the discharging process were used as the reference values for the
thermal energy storage calculations. The storage medium was absorbing heat from the HTF during the charging process and releasing
the stored thermal energy to the HTF during the discharging process. As
illustrated in Fig. 14, the experimental data and the simulation results
were generally in good agreement. The main reason for the diﬀerences
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Table 7
Comparison for Prototype 3 during charging processes.
Test 1

Maximum temperature diﬀerence ΔTmax (°C)
Percentage ΔTmax based on the melting point of MgCl2 (%)
Time diﬀerence at 730 °C Δt730 (h)
Percentage Δt730 based on the total charging time (%)
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Table 8
Comparison for Prototype 3 during discharging processes.
Test 1

Maximum temperature diﬀerence ΔTmax (°C)
Percentage ΔTmax based on the solidiﬁcation point of MgCl2 (%)
Time diﬀerence at 700 °C Δt700 (h)
Percentage Δt700 based on the total discharging time (%)

Test 2

TC 1

TC 4

TC 6

TC 1

TC 4

TC 6

TC 1

TC 4

TC 6
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0.8
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0.7
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−0.3
−10.0
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Fig. 14. Thermal energy storage comparison of experimental data and simulation results
for Prototype 1 during (a) charging and (b) discharging.
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